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Westinghouse Hanford Company (WHC) i s e x p l o r i n g commercial methods f o r r e t r i e v i n g waste from t h e underground storage tanks a t t h e Hanford s i t e i n south c e n t r a l Washington s t a t e . WHC needs data on commercial r e t r i e v a l systems equipment i n order t o make programmatic d e c i s i o n s f o r waste r e t r i e v a l .
F u l l system (i .e., i n t e g r a t e d components) t e s t i n g o f r e t r i e v a l processes i s t o be demonstrated i n phases through September 1997 i n support o f two r e l a t e d programs: 1) Acquire Commercial Technology f o r R e t r i e v a l (ACTR) and 2) t h e Hanford Tanks I n i t i a t i v e (HTI).
One o f t h e important p a r t s o f t h e i n t e g r a t e d t e s t i n g w i l l be t h e deployment o f r e t r i e v a l t o o l s using manipulator-based systems. WHC r e q u i r e s an assessment o f a number o f commercial deployment systems t h a t have been i d e n t i f i e d by t h e ACTR program as good candidates t o be i n c l u d e d i n an i n t e g r a t e d t e s t i n g e f f o r t . independent e v a l u a t i o n o f manipulator t e s t s performed t o date, so t h a t WHC can c o n s t r u c t an i n t e g r a t e d t e s t based on these systems.
d e s c r i p t i o n o f t h e need, requirements, and c o n s t r a i n t s f o r a manipulator-based r e t r i e v a l system; 2) t o evaluate manipulator-based concepts and t e s t i n g performed t o d a t e by a number o f commercial organizations; and 3) t o i d e n t i f y issues t o be r e s o l v e d through t e s t i n g and/or a n a l y s i s f o r each concept.
Included i n t h i s assessment should be an The o b j e c t i v e s o f t h i s document are as f o l l o w s : 1) t o p r o v i d e a 2 .O BACKGROUND AND PROBLEM DESCRIPTION

HANFORD SINGLE-SHELL UNDERGROUND STORAGE TANKS
Radioactive waste has been produced a t t h e Hanford S i t e s i n c e 1944 as a by-product o f processing spent n u c l e a r f u e l f o r t h e recovery o f plutonium, uranium, and neptunium. The f i r s t waste storage s i n g l e -s h e l l tanks (SSTs) were completed and placed i n o p e r a t i o n i n 1944. Between 1943 and 1964, 133 23-m ( 7 5 -f t ) diameter SSTs were b u i l t f o r t h e storage o f r a d i o a c t i v e wastes a t t h e Hanford S i t e . These SSTs are l o c a t e d i n 12 t a n k farms o f 4 t o 18 tanks each i n t h e 200 West and 200 East Areas on t h e Hanford S i t e . No wastes have been added t o t h e tanks since November 1980. However, water i s added t o t a n k 241-C-106 f o r e v a p o r a t i v e c o o l i n g purposes. Pumpable i n t e r s t i t i a l l i q u i d and supernatant wastes are being removed from SSTs and t r a n s f e r r e d t o double-shell tanks (DSTs).
At various times since 1944, four major chemical processing operations have been conducted. Three of these processes, the bismuth phosphate, reduction-oxidation (REDOX), and plutonium-uranium extraction (PUREX) plant processes, were specifically designed for plutonium recovery. The more advanced REDOX and PUREX processes recovered the uranium as well as the plutonium. The fourth process, the tributyl phosphate process, was designed for the recovery of relatively large amounts of uranium that remained in the bismuth phosphate waste. These processing wastes, which contained most of the fission products and comparatively small quantities of uranium, plutonium, and other actinides, were originally stored as liquid wastes (with significant amounts of solids in the form of precipitated sludge) in the SSTs.
Liquid waste accumulation and storage in SSTs continued until 1980, when the DSTs were used exclusively for receiving new waste. presently contain more than 140,000 m3 (37 Mgal) of waste. interim stabilization program was started. liquid from the SSTs, which results in a semi-dry sludge and saltcake-type residue. the SSTs.
The 133 SSTs
In 1968 (at their highest points) with nominal capacities of 1,900, 2,850, and 3,800 m3 (500,000, 750,000, and 1,000,000 gal). The maximum waste depths are 5, 7, and 9 m (17, 24, and 31 ft), respectively. A total of 2 to 2 . 4 m (6 to 8 ft) of earth cover each tank at the centerline of the dome. headspace (dome top to maximum liquid level) on the tanks is about 4 m (12 ft). The SST design has varied during a 30-yr construction schedule. tanks are of reinforced concrete construction with 15-cm (6-in.) concrete floors, 33-to 60-cm (13-to 24-in.) concrete walls, and 33-to 38-cm (13-to 15-in.) concrete domes. (1/4-to 3/8-in.) plate steel, while the concrete dome is unlined in most tanks. A small number o f tanks have a steel dome liner.
They range in height from 9 to 16 m (30 to 54 ft)
The minimum
The
The tank floor and walls are lined with 6-to 10-mm Presently, access to the tanks is provided by risers penetrating the domes of the tanks and extending above grade. Although varying from tank to tank, the tanks were constructed with three general riser arrangements. Risers vary in size from 10 to 107 cm (4 to 42 in.) with 10 and 30 cm (4 and 12 in.) diameter being most common. riser of at least 30 cm (12 in.) in diameter. The number of currently available risers ranges from 0 to 11, with the majority of tanks having 3 to 5 of the smaller sizes. Typically, tank domes contain a large number and variety of penetrations, not all of which extend up to the ground surface via risers. Additional or larger risers could be installed at or near the center of each tank or in a clear part of the dome with an obvious cost penalty. In addition, a cost penalty also exists for clearing existing obstructed risers and pits because many of the risers WHC may want to use contain saltwell screens, pumps, or other equipment. Internally, most o f the tanks are relatively unobstructed, having only three to six in-tank structures, while two dozen or so are quite crowded.
All tanks have a center or near center
In-Tank Hardware (ITH): The r e t r i e v a l system must e i t h e r avoid, move, o r work i n t h e presence o f ITH t o r e t r i e v e t h e waste. o f ITH are as f o l l o w s :
The general c a t e g o r i e s Fixed, b u i l t -i n (permanently i n s t a l l e d d u r i n g t a n k c o n s t r u c t i o n ) Fixed, r i s e r i n s t a l l e d (nominally removable, mounted through a r i s e r )
Loose items discarded i n t h e t a n k ( i n a c c e s s i b l e f o r removal).
Twenty-one tanks have f o u r b u i l t -i n a i r l i f t c i r c u l a t o r s (ALC) each. The tanks have gas l i n e s r i s i n g t o t h e dome and guy w i r e s a n g l i n g o f f t o t h e t a n k bottom as w e l l as a half-dozen riser-mounted items. Four tanks are extremely congested w i t h 22 riser-mounted ALCs p l u s a half-dozen a d d i t i o n a l items. Another dozen are moderately congested w i t h 6 t o 10 riser-mounted items. The remaining m a j o r i t y o f tanks are r e l a t i v e l y unobstructed w i t h t h r e e t o f o u r p e r i p h e r a l l y mounted items and one o r two center-mounted items. A l l tanks have l o o s e m a t e r i a l t h a t has been discarded i n t h e tanks. T h i s m a t e r i a l includes, b u t i s n o t l i m i t e d t o , p i p e sections, f i s t -s i z e d metal weights, 15-m ( 5 0 -f t ) s t a i n l e s s s t e e l measuring tapes, and r i v e r rock.
tank.
was generated by chemical processing operations. t h e SSTs i n s m a l l e r volumes, and these i n c l u d e research and development program wastes, f a c i l i t y and equipment decontamination wastes, l a b o r a t o r y wastes, and Plutonium F i n i s h i n g P l a n t wastes. Subsequent waste management operations have created a complex i n t e r m i n g l i n g o f t h e t a n k wastes. Nonradioactive chemicals have been added t o t h e tanks w h i l e v a r y i n g amounts o f waste and heat-producing r a d i o n u c l i d e s have been removed. I n a d d i t i o n , n a t u r a l processes have caused s e t t l i n g , s t r a t i f i c a t i o n , and segregation o f waste components. Waste was a l s o cascaded (allowed t o f l o w v i a g r a v i t y from one t a n k t o another) through a s e r i e s o f tanks; c o o l i n g and p r e c i p i t a t i o n o f r a d i o n u c l i d e s and s o l i d s occurred i n each t a n k o f t h e cascade. As a r e s u l t , i t i s very d i f f i c u l t , i f n o t impossible, t o p r e c i s e l y e s t i m a t e t h e c h a r a c t e r o f t h e wastes contained i n t h e tanks from e x i s t i n g o p e r a t i o n a l records.
The SSTs c o n t a i n t h r e e general waste types; sludge, s a l t c a k e , and l i q u i d . Sludge c o n s i s t s o f t h e s o l i d s (hydrous metal oxides) p r e c i p i t a t e d from t h e n e u t r a l i z a t i o n o f a c i d wastes before t h e i r t r a n s f e r t o t h e SSTs. Saltcake c o n s i s t s o f t h e v a r i o u s s a l t s formed a f t e r t h e evaporation o f water from t h e n e u t r a l i z e d a l k a l i n e waste. L i q u i d s e x i s t as supernatant and i n t e r s t i t i a l l i q u i d i n t h e tanks. These waste types do n o t n e c e s s a r i l y e x i s t as d i s c r e t e l a y e r s , b u t a r e i n t e r m i n g l e d t o d i f f e r e n t degrees. Sludges and s a l t c a k e may c o n t a i n i n t e r s t i t i a l l i q u i d s and be r e l a t i v e l y s o f t . Other s a l t c a k e s and sludges may be d r i e r and harder as a r e s u l t o f agglomeration o r experimental a d d i t i o n o f cement and v a r i o u s desiccants i n an e f f o r t t o prevent leakage. Sludge, saltcake, and l i q u i d are thus used as general d e s c r i p t i o n s and c l a s s i f i c a t i o n o f a waste as one waste form; however, t h i s does n o t i m p l y t h a t t h e waste does n o t c o n t a i n any o f t h e o t h e r waste forms.
I n -t a n k equipment and discarded m a t e r i a l need n o t be removed from t h e There i s a s o l i d waste disposal c o s t p e n a l t y on removed equipment Waste Types and Q u a n t i t i e s : The m a j o r i t y o f t h e wastes s t o r e d i n SSTs
Other wastes were sent t o
The chemical c o n s t i t u e n t s o f t h e SST wastes c o n s i s t p r i m a r i l y o f sodium hydroxide; sodium s a l t s o f n i t r a t e , n i t r i t e , carbonate, aluminate, and phosphate; and hydrous oxides o f i r o n and manganese. The r a d i o a c t i v e components c o n s i s t p r i m a r i l y o f heat-producing f i s s i o n product r a d i o n u c l i d e s such as 90Sr and 137Cs, and a c t i n i d e elements i n c l u d i n g uranium, plutonium, and americium and v a r i o u s r e l a t i v e l y s h o r t -l i v e d r a d i o i s o t o p e s such as 106Rh, 60C0, and 125Sb. These s o l i d wastes ( s a l t c a k e and sludge, w i t h non-drainable i n t e r s t i t i a l l i q u i d ) v a r y considerably i n p h y s i c a l consistency as w e l l as i n chemical and r a d i o n u c l i d e content, n o t o n l y from t a n k t o tank, b u t w i t h i n a t a n k as w e l l .
The SSTs s t o r e a t o t a l o f 140,000 m3 (37 Mgal) o f waste. O f t h i s waste, about 2,700 m3 (0.7 Mgal) are supernatant, 89,000 m3 (23.6 Mgal) are c l a s s i f i e d as saltcake, and 48,000 m3 (12.7 Mgal) are c l a s s i f i e d as sludge. The s a l t c a k e and sludge c o n t a i n 34,000 m3 (8.9 Mgal) o f d r a i n a b l e i n t e r s t i t i a l l i q u i d . The b u l k o f t h e i n t e r s t i t i a l l i q u i d , about 19,000 m3 ( 5 Mgal), i s contained i n s a l t c a k e and i s being pumped t o DSTs.
Waste C h a r a c t e r i s t i c s : D e f i n i t i v e p h y s i c a l parameters o f t h e SST wastes are n o t p r e s e n t l y a v a i l a b l e . A k a o l i n c l a y simulant and a potassium magnesium s u l f a t e s i m u l a n t have been developed as a l i m i t e d r e p r e s e n t a t i o n o f sludge and s a l t c a k e wastes. f o r t h e wastes i n some SSTs. s i g n i f i c a n t l y h i g h e r than t h e c e n t e r o r where t h e removal o f l i q u i d s has r e s u l t e d i n waste slumping. v a r y from 0.1 t o 5 Gy/h (10 t o 500 rad/h) a t t h e waste surface.
a r e expected below t h e waste surface. The dose a t >1 m (3 ft) from t h e s u r f a c e i s expected t o be l e s s than h a l f o f t h e surface reading. several hundred r a d / h i s a nominal expected range f o r most SSTs.
waste from t h e Hanford S i t e ' s SSTs i s t h e s u b j e c t o f a T r i -P a r t y Agreement w i t h t h e Washington S t a t e Department o f Ecology, t h e U.S. Department o f Energy, and t h e U.S. Environmental P r o t e c t i o n Agency. C u r r e n t l y , t h e T r i -P a r t y Agreement has e s t a b l i s h e d a goal t h a t a t l e a s t 99% o f t h e waste be removed; t h e r e are no requirements f o r t h e removal o f ITH.
Photographs o f t h e t a n k i n t e r i o r s show i r r e g u l a r surfaces
Waste l e v e l s near t h e edges o f tanks may be R a d i o a c t i v e Source Terms: Dose r a t e estimates f o r t h e d i f f e r e n t tanks Higher doses A dose l e v e l o f
General Notes, C u r r e n t L i m i t a t i o n s , and U n c e r t a i n t i e s : The r e t r i e v a l o f D i r e c t , a d d i t i o n a l ( t o t a l ) loads on t h e SST domes exceeding D i r e c t , a d d i t i o n a l loads on t h e SST r i s e r s can g e n e r a l l y n o t be approximately 445 kN (50 tons) should n o t be imposed.
t o l e r a t e d by t h e weak r i s e r t o dome j o i n t .
Requirements f o r a d d i t i o n a l r i s e r s and e x t e n s i v e s i t e p r e p a r a t i o n should be minimized; however, t h e a d d i t i o n o f access r i s e r s o f v a r i o u s s i z e s i s allowed, and may a c t u a l l y prove t o be c o s t -e f f e c t i v e i n some system c o n f i g u r a t i o n s . p r o p e r t i e s o f two n o n r a d i o a c t i v e waste simulants, one sludge and one saltcake, c o n s e r v a t i v e l y d e r i v e d from t h e opinions o f operators d u r i n g t h e 1960s and 1970s on t h e p h y s i c a l p r o p e r t i e s o f t h e waste. upon request from WHC.
The design o f waste m a t e r i a l -h a n d l i n g equipment can be based on t h e These r e c i p e s are a v a i l a b l e Equipment put into a tank does not necessarily have to be radiation hardened.
Undetermined downstream process requirements for initial pretreatment of waste before vitrification, and the following low-and high-level waste vitrification feed requirements, may impact the retrieved SST waste feed quantity and quality requirements. assurance considerations will be significant factors in the SST waste retrieval system design, development, and demonstration. Control of potential radioactive and hazardous emissions to the environment and personnel radiological exposure are of utmost importance.
Environmental, occupational radiological exposure, safety, and quality 3.0 SYSTEM REQUIREMENTS AND CONSTRAINTS
KINEMATICS
Deployment into Tanks: The kinematics of any manipulator used for retrieval of waste from underground storage tanks must allow for deployment of the manipulator into a full tank. system to "mine" its way into a tank as part of this deployment process if it can be done in the presence of in-tank hardware (one of the tanks that is very nearly full is also one of the most congested in terms of fixed [immovable] in-tank hardware).
A full tank will have at least 12 ft of space between the top of the waste and the surface of the dome at the center of the tank. At the edge of a full tank (where the tank dome meets the tank wall) there is only about 2 ft of head space, and at a 20-ft radius from the center of the tank dome (a common location for access risers) there is about 10 ft of head space.
waste dislodging and conveyance equipment to all locations throughout the tank that are necessary to retrieve all of the waste. For all of the manipulatorbased dislodging and conveyance concepts that have been developed thus far, this requirement translates into the ability to position the distal end of the manipulator to any point below the top of the tank liner with any orientation between horizontal (normal to the tank floor) and vertical (normal to the tank wall). If other techniques are developed for the dislodging and conveyance of waste that result in other positioning and/or orientation requirements, then the manipulator must be capable of meeting these new requirements.
It may be acceptable for a manipulator
Reach Requirements: The manipulator must be capable of positioning the DexteritylMobility Requirements: The manipulator system should be capable of working in the presence of in-tank hardware. some of the tanks are quite congested with vertical fixed in-tank hardware, much of which is connected to the floor of the tank. The manipulator must either be capable of working around such hardware, or removing it from its path. If the manipulator must remove the hardware from its path t o gain access to all of the waste, this removal must be done in a timely manner (so as to not reduce the effectiveness of the waste retrieval process), and at the same time not put significant loading on the tank liner.
As mentioned above, Velocity Requirements: A manipulator must be capable of velocities that will sustain a retrieval rate of at least 30 gal/min. This retrieval rate calculation is documented (Krieg et al. 1990) and is based on the 6-mo time to actually retrieve the waste and a number of productivity engineering assumptions and judgments.
ACCURACY/REPEATABILITY/DYNAMICS
Accuracy/Repeatabil ity: A manipulator system must have an accuracy and repeatability that will allow for the placement of the various end effectors in a manner that will sustain required retrieval rates and maintain the safety of the retrieval equipment and tank. and repeatability requirements for each will be dependent on the retrieval methods used. and conveyance technologies that may be suitable for deployment with manipulator systems (Rinker 1994 ). a manipulator system must be sufficiently separated from the frequencies produced by the waste dislodging and conveyance systems such that system productivity is maintained and system instability is avoided. effectors used and the amplitudes and frequencies of the forces/torques transferred to the manipulator system will be dependent on many factors including the retrieval methods used, the design of the end-effectors, the design of the manipulator system, and the design of the interface between the manipulator system and end-effectors. forces/torques has been done for some waste dislodging and conveyance endeffectors (Rinker 1994) . active oscillation damping in large manipulators as a supplement and/or alternative to modal separation (Hatchell and Mullen 1994 , Lew 1994 and the Appendix). must be sufficient to support the retrieval operations, and to provide sufficient "feel of control" to the system operator.
issue of operator commands and system response will greatly reduce the effectiveness of the retrieval operation. Both the bandwidths of the individual actuators (and hence their ability to respond to inputs from the control system) and the overall closed-loop bandwidth of the controlled system must be considered. In addition, an operations performed outside of the in the tanks, all of the retrieval operations performed inside of the tank must be done remotely. tank that may pose a risk of contamination to either personnel or the environment will be performed remotely. The operator control station will need to be located a safe distance from the tank openings.
World Model-Based Control/Man-Machine Interface: Visibility inside the tanks is poor due to the large volume resulting in large distances from reflecting surfaces. airborne water and/or waste particles, and high radiation levels can cause poor performance of cameras and optics. that the operator's view be supplemented with a computer graphics representation of the tank internals. collection and model building i; support of such a representation. computer generated "world model oversight of the operator commands. Operator commands can be previewed for safety and performance issues, and the operator can be warned and/or restricted prior to performing operations that may be unsafe. based control system also allows the operator more flexibility in selecting the viewing location and angle in order to "see" around or behind obstructions.
In addition, waste dislodging processes can result in It is therefore highly recommended Great care must be taken in data This can also be used to provide computer A world model-
3.4
RADIATION ISSUES
Radiation Levels: All equipment to be used for retrieval of waste from the underground storage tanks be operated in the high radiation fields described in Section 2.1. sufficient time to complete the retrieval of waste from an entire tank without the need for part replacement due to failure caused by radiation exposure. This should be accomplished by a combination of minimizing the number of radiation sensitive components placed in the tank, shielding for radiation sensitive components that are placed in the tank, and modular replacement of radiation sensitive components between tanks.
Design for Decontamination: The manipulator system, end-effectors, and other equipment that will be placed in the tanks, should be designed for ease of decontamination. difficult to decontaminate, such as tight crevices or places where puddles form; minimizing the amount of equipment that actually comes in contact with the waste; and/or providing a disposable boot over equipment.
The equipment should be capable of operating for This can be accomplished by avoiding surfaces that are 3 . 5
RELIABILITY AND MAINTAINABILITY
Reliability: The manipulator system must have a sufficient reliability to perform the tasks associated with retrieving all of the waste from a single tank without a system failure.
Maintenance: The manipulator system should be designed such that no scheduled maintenance is required during the retrieval of waste from a single tank. System components that are at a higher risk for failure should be designed for easy access and ease of remote maintenance. The manipulator should also be designed such that normal scheduled maintenance, to be performed between tank retrievals, can be performed as easily as possible while minimizing exposure to personnel.
Retrieval After Failure: It must be possible to retrieve the manipulator from the tank in the event that the system fails during operation. Manual intervention from the outside of the tank is permissible for this situation.
Fail-safe: A manipulator system failure must not cause damage to the tank, create a safety risk to personnel, or allow a release of contamination to the environment.
INTERFACES
Accomnodations for Dislodging and Conveyance Systems: The manipulator system must be designed to accommodate waste dislodging end-effectors and systems for conveying the waste to the height of the surface above the tank. These accommodations will include utility supply lines, waste conveyance lines, and attachments for supporting the weight and reaction forces of the end-effectors and conveyance lines. respect to the waste conveyance line in terms of access for maintenance and decontamination purposes.
should not place more than the maximum allowable loads on the tops of the tanks. In addition, the structures should be capable of withstanding the high wind loads present on the Hanford site. equipment that is exposed to the inside of the tank or the waste, must include sufficient containment to protect workers and the environment from contamination.
Careful consideration should be made with Aboveground Structures: Aboveground support structures and equipment
Any aboveground structures, or
Interface with the Tank: The manipulator system should access the tank through either an existing riser access port or through a new access port constructed specifically for the manipulator system. In either case, the interface between the inside of the tank and the outside of the tank (aboveground) must be properly designed to avoid the possibility of contamination to workers or the environment. This tank interface should include spray rings and/or other methods of decontaminating the exterior surfaces of the manipulator, waste dislodging end-effectors, and waste conveyance lines as they are retracted from the tank. filtration systems is acceptable if their capacity is not exceeded.
In-Tank Hardware (ITH): The Tri-Party Agreement (TPA) does not require the removal and/or disposal of ITH. The TPA considers the tank to be "clean" when no more than 360 cu ft of waste remains in the tank. Any waste entrained in the ITH following tank waste retrieval must be included as part of this residual waste. Therefore, it becomes important to remove as much waste from the surfaces of ITH as possible while not removing the ITH from the tank. The manipulator system must be capable of repositioning ITH within the tank if the ITH is cut as part of the retrieval process. 
OVERVIEW
Five commercial concepts have been reviewed using some of the system requirements and constraints described above as evaluation criteria. This review has been conducted as part of the ACTR program. general invitation was made to the commercial robotics community to provide concepts. Four of the five concepts reviewed were developed as a result of this invitation. One of the concepts was developed as part o f the DOE Robotics Technology Development Program (RTDP) prior to implementation of the ACTR program, and was included in this review for completeness. It should be noted that the four concepts deve1op:d as part o f the ACTR program were evaluated based on a "pre-conceptual animations and the past experience of the commercial sources as inputs.
concept developed by the RTDP was developed through a detailed design phase and is therefore more mature in development than the others.
System Requirements and Constraints used as Evaluation Criteria: It was not possible to review the five concepts against all of the system requirements and constraints described in above sections, due to the preconceptual nature of the concepts. A common set of requirements and constraints was applied to each concept in order to be consistent in the evaluations. its ability to be deployed in a full tank, its reach, dexterity, and aboveground support structure requirements.
Concepts Reviewed:
A design using computer-graphics The
Each concept was evaluated for its ability to access the tank,
. 2
TESTBED MANIPULATOR
The testbed manipulator was designed for the RTDP by Schilling Development Company (Hatchell and Mullen 1994). The system was designed to meet very specific performance criterion in order to meet all of the system requirements and constraints described in earlier sections of this report. The testbed manipulator was not designed to be used in a "hot" tank for actual waste retrieval, but was to be used in a full-scale tank mock-up as a research tool. Because o f its research mission it was over-specified as far as its dynamic characteristics, control system, and data collection and analysis equipment.
The testbed manipulator was designed with a maximum diameter of 38 in. in order to fit through a 42-in. diameter, 15-ft long riser access port. The longest link of the testbed manipulator was to be 12 feet long, allowing it to be deployed in a full tank without the need of digging its way in, if inserted through a riser in the center of the tank. have existing 42-in. diameter center access risers, the use of this manipulator would require the installation of a new riser for many of the tanks. 20-ft radius from the center of the tank for instance), its kinematics would allow it to dig its way in.
As only a small number of tanks If the testbed manipulator were to be placed in a side riser (on a
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The t e s t b e d manipulator was designed t o be used as a gross p o s i t i o n i n g manipulator w i t h a smaller, 6-t o 9 -f t reach manipulator, mounted on i t s d i s t a l end. end of t h e small manipulator and t h e waste conveyance l i n e would be t e t h e r e d along t h e l e n g t h o f t h e t e s t b e d manipulator and o u t t h e same access r i s e r . The base o f t h e t e s t b e d manipulator would be mounted on a mast p r o v i d i n g i t w i t h v e r t i c a l t r a v e l and r o t a t i o n about t h e v e r t i c a l a x i s o f t h e mast.
The waste d i s l o d g i n g e n d -e f f e c t o r would be mounted t o t h e d i s t a l
t h e v e r t i c a l mast and t h e small dexterous manipulator. With a 9 -f t dexterous m a n i p u l a t o r attached, t h e o v e r a l l system could t h e r e f o r e reach 35 ft, 8 i n . h o r i z o n t a l l y . s u f f i c i e n t t o c l e a n t h e edge o f t h e tank, i f i t was n o t r e q u i r e d t o reach around any ITH. t h e m a n i p u l a t o r i n order t o completely clean many o f t h e tanks. s t r u c t u r e f o r t h e t e s t b e d manipulator would be q u i t e l a r g e , extending 65 ft o r more above t h e supporting s t r u c t u r e b r i d g i n g t h e t a n k top.
The t e s t b e d manipulator had a t o t a l reach o f 26 ft, 8 i n . , n o t i n c l u d i n g With t h e a d d i t i o n o f an end-effector t h i s reach would be V e r t i c a l ITH would, t h e r e f o r e , need t o be c u t and removed by Due t o t h e need f o r a l a r g e v e r t i c a l mast, t h e e x t e r n a l support
GREYPILGRIM (EMMA)
Greypilgrim, LLC, has developed a unique manipulator concept which may be a p p l i c a b l e t o t a n k waste r e t r i e v a l i f scaled-up from t h e c u r r e n t p r o t o t y p e .
The c u r r e n t p r o t o t y p e has an o v e r a l l reach o f 8 ft, and would need t o be scaled-up t o a t l e a s t 40 ft t o be e f f e c t i v e ( t h e scale-up l e n g t h needs t o be g r e a t e r than 37.5 ft due t o t h e l e n g t h o f manipulator r e q u i r e d f o r each bend). The manipulator i s r e f e r r e d t o as t h e EMMA manipulator and c o n s i s t s o f t h r e e r i g i d s e c t i o n s connected by t h r e e f l e x i b l e j o i n t s . Each j o i n t i s comprised o f a f l e x i b l e tube made o f a urethane t y p e m a t e r i a l which i s d i s p l a c e d by a p p l y i n g f o r c e s t o a metal c o l l a r using s i x s t e e l cables ( B e r g l i n 1996). several reasons i n c l u d i n g t h e f o l l o w i n g : The EMMA manipulator technology i s a t t r a c t i v e f o r t h i s a p p l i c a t i o n f o r . The manipulator i s cable-driven, making i t p o s s i b l e t o remotely l o c a t e a c t u a t o r s . w i t h t h e a c t u a t o r s l o c a t e d o u t s i d e o f t h e tank. T h i s would be advantageous from a maintenance and decontamination view p o i n t . T h i s may a l l o w an EMMA manipulator t o be deployed i n a t a n k The manipulator can be designed w i t h a minimum o f e l e c t r o n i c components l o c a t e d i n t h e tank.
The m a n i p u l a t o r c o u l d be e a s i l y booted t o make decontamination as easy as p o s s i b l e .
The c e n t e r of t h e manipulator i s an open channel which c o u l d be used t o r o u t e e i t h e r e n d -e f f e c t o r u t i l i t y services, o r waste conveyance l i n e s .
The diameter o f a scaled-up EMMA manipulator has n o t been d e f i n e d a t .
. t h i s p o i n t , b u t an i n i t i a l study has determined t h a t a diameter o f 1 f o o t may be p o s s i b l e f o r a 3 0 -f t l o n g manipulator. needs t o be increased somewhat, t h i s i s very a t t r a c t i v e f o r i n s e r t i o n i n t o a t a n k through e x i s t i n g access r i s e r s .
While t h e l o n g e s t s i n g l e l i n k o f a 3 0 -f t l o n g EMMA manipulator would be 10 ft long, i t
may s t i l l be d i f f i c u l t t o deploy i t i n t o a f u l l tank. T h i s i s due t o t h e r a d i u s o f c u r v a t u r e r e q u i r e d t o make a 90 deg bend u s i n g a s i n g l e j o i n t . I f t h e d i s t a l l i n k i s i n s e r t e d and angled a t 90 deg, i t s t i l l m a i n t a i n s a v e r t i c a l l e n g t h due t o t h i s bend r a d i u s . i n s e r t e d i n t o t h e t a n k b e f o r e being bent, p o s s i b l y causing t h e d i s t a l l i n k t o c o n t a c t t h e waste b e f o r e t h e second l i n k can be bent. i s o u t f i t t e d w i t h a p p r o p r i a t e end-effectors i t may be p o s s i b l e f o r i t t o mine i t s way i n t o a f u l l tank. mast j u s t as t h e t e s t b e d manipulator. With a s i m i l a r deployment mast, t h e EMMA m a n i p u l a t o r c o u l d be designed t o have t h e necessary reach. An important c o n s i d e r a t i o n i n t h e design would be t h e l e n g t h o f manipulator r e q u i r e d t o make each bend due t o t h e l a r g e r bend r a d i u s as compared t o o t h e r m a n i p u l a t o r designs. increased by u s i n g a t r a d i t i o n a l p i t c h j o i n t t o connect i t t o i t s deployment mast. T h i s would a l l o w t h e manipulator t o be placed i n a h o r i z o n t a l p l a n e w i t h o u t t h e bend r a d i u s problem. (being a b l e t o e s s e n t i a l l y sweep-out a cone i n space). o f t h e EMMA manipulator very dexterous, w i t h t h e o v e r a l l d e x t e r i t y o f t h e m a n i p u l a t o r l i m i t e d by t h e number o f j o i n t s . With o n l y t h r e e j o i n t s , t h e o v e r a l l d e x t e r i t y o f t h e manipulator may be l e s s than t h e o t h e r two snake manipulators reviewed, each w i t h more j o i n t s and s h o r t e r l i n k s ( t h e S c h i l l i n g concept and t h e Magnox m a n i p u l a t o r s ) . However, t h e d e x t e r i t y o f t h e EMMA m a n i p u l a t o r may be s u f f i c i e n t f o r working around ITH. r o u g h l y t h e same s i z e as t h e t e s t b e d manipulator t o house t h e m a n i p u l a t o r and i t s v e r t i c a l deployment mast.
Obviously even i f t h e diameter
The n e x t l i n k must be
I f t h e EMMA manipulator
The EMMA manipulator would need t o be mounted on some t y p e o f deployment The e f f e c t i v e l e n g t h o f t h e EMMA manipulator c o u l d p o s s i b l y be Each j o i n t o f t h e EMMA manipulator i s capable o f bending i n any p l a n e T h i s makes each j o i n t
The EMMA manipulator would r e q u i r e an aboveground support s t r u c t u r e o f
SCHILLING CONCEPT MANIPULATOR
The S c h i l l i n g concept manipulator c o n s i s t s o f a v e r t i c a l deployment mast p r o v i d i n g b o t h v e r t i c a l and r o t a t i o n a l motion, a base p i t c h j o i n t , and s i x a d d i t i o n a l l i n k s connected w i t h f i v e s e t s o f two a x i s gimbal j o i n t s .
The Schilling manipulator has a maximum diameter of 36 in. and can, therefore, be inserted through a 42-in. diameter access riser. The longest link of the Schilling manipulator is 6-ft long, allowing it to be deployed in a full tank without the need of digging its way in, if inserted through a riser in the center of the tank or at a 20-ft radius. As only a small number of tanks have existing 42-in. diameter access risers, the use of this manipulator would require the installation of a new riser for many of the tanks.
joints that provide approximately f45 degrees of pitch and yaw. five of these gimbal joints connecting six links. Each link is six feet long with an additional two pitch joints near at the distal end of the manipulator. This kinematic arrangement provides a high degree of dexterity for reaching through and behind vertical ITH. The drawback to this kinematic arrangement is the difficulty of controlling the manipulator using inverse kinematics. The only real practical method of controlling the manipulator will be to use a follow-the-leader approach. This would be practical and effective for teleoperation, but robotic operation would be very difficult without inverse kinematics .
The Schilling manipulator is very dexterous due to the two axis gimbal There are
The overall reach of the Schilling manipulator is 38 ft-10 in., without the vertical deployment mast. deployment mast much the same as the testbed manipulator and the EMMA manipulator. of reaching all areas of the tank from a central access riser while snaking around some ITH.
The aboveground support structure for the Schilling manipulator would need to be approximately twelve feet taller than that required for the testbed manipulator. This would extend 77 feet or more above the support structure.
The manipulator would need a vertical
With this arrangement the Schilling manipulator would be capable 4. 5 
MAGNOX CONCEPT MANIPULATOR
The Magnox manipulator is a concept developed by Magnox Electric, in Dartford, Kent, England. The manipulator consists of a 6 degree-of-freedom gross positioning manipulator, with a 9 degree-of-freedom dexterous manipulator mounted on its distal end. The gross positioning manipulator has an all pitch, elbows down configuration, and the dexterous manipulator has four links with four pitch joints, four roll joints, and one prismatic joint. The overall configuration provides for significant dexterity for reaching around and behind ITH in the dexterous manipulator, but limited dexterity in the gross positioning manipulator.
The vertical deployment mast is made from 6-ft long rigid links coupled together with rigid joints. This allows for compact aboveground storage by assembling/disassembling the rigid links as needed for vertical deployment. The entire aboveground structure can be placed on the back of a truck using a 27-ft tower.
The largest cross-section of the manipulator consists o f a 12-in. by 18 in. box section. This geometry allows for deployment in a 36-in. access riser with room for a waste conveyance system to pass through the same riser.
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The l o n g e s t s e c t i o n o f t h e Magnox manipulator i s 6 -f t l o n g . T h i s a l l o w s t h e system t o be deployed i n t o a f u l l t a n k through e i t h e r a c e n t e r r i s e r o r r i s e r s on a 2 0 -f t r a d i u s . The deployment can be achieved w i t h o u t t h e need t o d i g i t s way i n .
t h e o v e r a l l reach o f t h e system i s s u f f i c i e n t t o reach a l l l o c a t i o n s w i t h i n t h e tank.
With t h e combination o f t h e gross p o s i t i o n i n g and dexterous manipulators
. 6 EAGLETECH CONCEPT MANIPULATOR
The manipulator concept i s proposed by EagleTech, I n c . The m a n i p u l a t o r i s comprised o f a mobile b r i d g e w i t h a v e r t i c a l boom assembly, knuckle assembly, j i b boom assembly, and a dual-arm g r i p p e r . The v e r t i c a l boom i s a f f i x e d t o t h e mobile b r i d g e by a mobile undercarriage which has a t h r e e stage, I O -f t p e r stage, v e r t i c a l movement t o a l l o w f o r o p e n i n g / f o l d i n g t h e m a n i p u l a t o r above t h e t a n k and e x t e n d i n g / r e t r a c t i n g t h e manipulator i n t o and o u t o f t h e t a n k r i s e r . The manipulator and i t s mobile undercarriage can t r a v e r s e t h e f u l l deck l e n g t h o f t h e movable b r i d g e which can span a s i n g l e tank.
The manipulator has a maximum diameter o f 28 i n . and would t h e r e f o r e be deployable through an access r i s e r w i t h a minimum diameter o f 32 i n . l o n g e s t l i n k o f t h e manipulator, when f u l l y r e t r a c t e d , i s t h e dual-arm g r i p p e r which i s 11-ft l o n g . The manipulator i s capable o f being i n s e r t e d i n t o a f u l l t a n k w i t h o u t d i g g i n g i n i f i n s e r t e d through a c e n t e r r i s e r . The kinematics o f t h e m a n i p u l a t o r a l s o make i t p o s s i b l e t o i n s e r t i t through a s i d e r i s e r as i t mines i t s way i n .
congested tank, such as AX-104, i t would be necessary t o c u t v e r t i c a l ITH o u t o f t h e way i n o r d e r t o access a l l o f t h e waste i n t h e tank. g r i p p e r f a c i l i t a t e s ITH c u t t i n g q u i t e w e l l , as one arm c o u l d h o l d and support t h e ITH w h i l e t h e o t h e r uses a w a t e r j e t o r o t h e r t y p e o f c u t t e r t o c u t . o f t h e b r i d g e , and a h o r i z o n t a l reach o f 39 ft-11 i n . These o v e r a l l reach c a p a b i l i t i e s and t h e kinematic arrangement o f t h e manipulator make i t capable o f reaching a l l l o c a t i o n s w i t h i n t h e t a n k (provided t h a t t h e ITH has been removed d u r i n g t h e process).
The
The manipulator i s n o t capable o f "snaking" around v e r t i c a l ITH. I n a
The dual-arm
The manipulator has an o v e r a l l v e r t i c a l reach o f 51.5 ft from t h e bottom The aboveground support s t r u c t u r e would r e q u i r e a minimum o v e r a l l h e i g h t above t h e mobile b r i d g e o f 44 ft. 
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Manipulator
Each o f t h e manipulators reviewed have s p e c i f i c s t r e n g t h s and c o u l d be A summary
As a r e s u l t , t h e t a b l e should n o t be considered c o n c l u s i v e r e g a r d i n g a p p l i e d t o t h e t a s k o f r e t r i e v i n g waste from t h e SSTs a t Hanford.
and comparison o f t h e manipulators i s shown i n Table 1 .
t h a t no w e i g h t i n g has been a p p l i e d t o t h e rankings t h a t are shown i n t h e t a b l e . which of t h e f i v e designs are best, b u t r a t h e r t o show t h a t each has s t r e n g t h s and weaknesses when compared t o each o t h e r .
I t should be noted The c o s t o f t h e manipulator systems f o r r e t r i e v a l from t h e SSTs ranges from $4M t o $6M. b u t s i g n i f i c a n t development c o s t s remain i n order t o reach t h e l e v e l o f t e c h n i c a l m a t u r i t y o f t h e o t h e r concepts.
The EMMA manipulator l i k e l y c o s t s l e s s i n terms o f hardware, The f o l l o w i n g are a l i s t o f general conclusions reached and i n s i g h t s A t r a d e o f f e x i s t s between t h e d e x t e r i t y achieved as a r e s u l t o f a g r e a t e r number o f degrees o f freedom (and/or t h e number o f l i n k s ) and t h e c o n t r o l l a b i l i t y o f t h e system. o f s h o r t e r l i n k s are g e n e r a l l y more adept a t reaching around and behind v e r t i c a l ITH. I n c o n t r a s t , manipulators w i t h fewer j o i n t s a r e e a s i e r t o c o n t r o l . gained as a r e s u l t o f t h i s review.
Manipulators w i t h a g r e a t e r number It appears t h a t i t i s p o s s i b l e t o develop manipulator systems t h a t are It appears t h a t i t i s p o s s i b l e t o develop manipulator systems t h a t are
capable o f accessing many o f t h e tanks through e x i s t i n g r i s e r s . capable o f being deployed i n t o f u l l tanks.
An arm must be somewhat l o n g e r than 37.5 ft ( i f deployed from t h e c e n t e r o f t h e tank) t o reach t h e edge o f t h e t a n k i f i t must snake around ITH. The e x t r a l e n g t h r e q u i r e d w i l l be dependent upon t h e t y p e o f j o i n t s , t h e number of curves r e q u i r e d , and which j o i n t s are used t o make t h e curves.
It should be noted t h a t w h i l e some o f t h e issues r a i s e d a r e important f o r some tanks, they may n o t be important f o r o t h e r s . One example i s t h e a b i l i t y t o deploy i n a f u l l tank. b u t a few are.
One f i n a l and v e r y important note t h a t should be made i s t h a t t h i s Most o f t h e tanks are n o t f u l l , review i s based on v e r y p r e l i m i n a r y , pre-conceptual design i n f o r m a t i o n . It i s hoped t h a t t h e f i n d i n g s o f t h i s review p r o v i d e a b a s i s f o r f u r t h e r development and study i f manipulator-based r e t r i e v a l o f waste from SSTs a t Hanford i s determined t o be a method o f choice.
6.0
Damping Control of a Large Flexible Manipulator Through
Inertial Forces of a Small Manipulator D.J. Trudnowski One class of long reach manipulators being considered for waste remediation is configured as a coarse positioning long reach manipulator (LRM) with a more dexterous, lighter duty short reach manipulator (SRM) mounwi on its up. A laboratory test-bed for this configuration is shown in Figure 1 . trols the motion of the SRM to generate inertial forces designed to annihilate the oscillations sensed in the flexible LRh4 tip. The LRM's fist three modes of oscillation are damped by feeding back the tip's relative position and velocity to control the azimuth angle of the SRM. The controller is designed using parameter identification and sequential loop-closure. The control system is required to be robust in that it must provide damping over a wide range of loading conditions. It is also required to be reliable in that it must still perform well in the presence of sensor or loop failures.
Very little research has been conducted on using SRM movements to dampen oscillations in the LRM. although it has been proposed by Book [l] . Considerable work has been performed on controlling other configurations, especially damping oscillations through modulation of a long-reach manipulator's hub motor (for a sample see [2] and [31).
locus methods are used to choose the parameters of the individual loop controllers applied in this paper. These methods are used as system robustness and reliability can more easily be incorporated into the design. For these reasons, a more classical approach is proposed here.
The remainder of this paper is opnized as follows. The test-bed is briefly described in Section 2.0. Control system design issues are outlined in Section 3.0. Section 4.0 addresses system modeling. and the controller design methodology is discussed in Section 5.0. Finally, simulation results are presented in Section 6.0, and conclusions made in Section 7.0.
TEST BED
One type of robotic system being considered for waste remediation is configured as a coarse-positioning long-reach manipulator (LRM) with a more dexterous, lighter duty shonreach manipulator (SRM) mounted on its tip.
Each link of the LRM would be from eight to fifteen feet long. The long reach flexible manipulator tesr-bed shown in Figure 1 To develop and test control algorithms prior to implementation on the test-bed, a dynamic model of the test-bed has been developed using DADS (a dynamic modeling and simulation software package developed by CADSI, Inc.). Control algorithms can be tested and evaluated via computer simulation prior to implemen- 
CONTROL DESIGN ISSUES
The damping control system presented here controls the motion of the SRM to generate inertial forces on the tip of the LRM. This problem is challenging as many considerations must be addressed; some of the more critical issues include:
1.
2.
3.
4.
5.
Flexible mechanical structures can oscillate at an infinite number of modes. With the PNL. test-bed, the first few modes dominate; therefore, a controller must damp these modes while having very lirtle or no detrimental effect on other modes.
The dynamic and kinematic interactions between the LRM and the S R M are nonlinear and complex. Therefore, it can be extremely difficult to accurately model. System oscillations can be initiated by a variety of excitations including exogenous disturbances and operator-controlled movements. While operator-controlled movements can be tempered and smoothed, unknown disturbances such as impact with unseen objects are impossible to predict.
Loading conditions and system configurations may vary during manipulator operation. With each new load and configuration, the dynamic response the system changes. Therefon, a control system must provide damping under a wide variety of operating conditions (i.e., the controller must be robust to varying system conditions).
Because measurement and operating systems are prone to panial failures (e.g.. sensor failure), the control system must satisfactorily operate under various rncasurement errors and system failures (i.e.. the controller must be relinble). Figure 1 Figure 3 Modal gain alone does not detennine the best feedback shucture; phase must also be considered. Figure 5 and Figure 6 show the motlocus plots for the tip One solution to choosing a feedback contmllers is to design H p and H, to provide damping to different modes. Because the tippsition transfer function has a high gain for mode 1 and requires phase-lag (evident from Figure 5) Figures 3 and 4) .
Once parameters have been chosen, the reliability and robusmess of the conuollers are tested. Robusmess tests are passed if the controllers provide a specified degree of damping and stability margin under all operating conditions.
The t e s~ are based on the system satisfying a minimum Nyquist circle criterion (which guarantee certain gain and phase margins) for both full load and no load operating conditions. The contmller is deemed reliable if the system remains stable under all loading conditions and possible sensor failures. In this case this requires testing both position sensor and velocity sensor failures for both loading conditions. Parameters are adjusted until reliability and robusmess criteria are met.
The methodology for choosing the parameters for H, and Hw involves a somewhat ad hoc procedure primarily based on the concepts of The controller reliability is demonsnated in Figures 14 and 15 . Figure 14 shows the system response with controller H, removed (simulating a velocity sensor failure). In this case, H, still performs well.
The loss of H p is shown in Figure 15 . Note that the second and third modes are still damped in this case by H,.
I . . . 
CONCLUSIONS
The results presented here demonstrate that oscillations in a long manipulator can be damped using the inetrial forces of a small one attached to its tip. A fixed-parameter damping controller is designed for a detailed computer model of a test-bed, The controller is required to be robust in that it provides damping over all loading conditions. It is also required to be reliable in that it must perform well under sensor failures.The controllers are designed based on a set of linear models obtained through a parameter identification scheme which uses measurement test data to consmct system models. Because the control system is forced to perform over a wide range of loading conditions, it sacrifices some damping under no load. A possible alternative that may be investigated in the future is to use gain scheduling to adjust the controller gain based on loading as well as other more advanced design methodologies. w n m l design methodology described here to the laboratory test-bed. Also, configurations that allow more degrees of freedom for the test bed will be investigated. 
